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INTRODUCTION 

S ince  i n t r o d u c t i o n  o f  t h e  gas t u r b i n e  engine t o  
a i r c r a f t  p r o p u l s i o n ,  t h e  ques t  fo r  g r e a t e r  performance 
has r e s u l t e d  i n  a c o n t i n u i n g  upward t r e n d  i n  o v e r a l l  
p ressu re  r a t i o  f o r  t h e  engine co re .  Assoc ia ted  w i t h  
t h i s  t r e n d  a r e  i n c r e a s i n g  temperatures of gases 
f l o w i n g  from t h e  compressor and combustor and th rough  
t h e  t u r b i n e .  For commercial a i r c r a f t  engines i n  the  
f o r e s e e a b l e  f u t u r e ,  compressor d i scha rge  temperature 
w i l l  exceed 922 K (1200 O F ) ,  w h i l e  t u r b i n e  i n l e t  tem- 
p e r a t u r e  w i l l  be app rox ima te l y  1755 K (2700 O F ) .  M i l -  
i t a r y  a i r c r a f t  engines w i l l  s i g n i f i c a n t l y  exceed these 
va lues .  

I n c r e a s i n g  f u e l  p r i c e s ,  e s p e c i a l l y  s ince  1973, 
have c r e a t e d  t h e  demand fo r  energy c o n s e r v a t i o n  and 
more f u e l  e f f i c i e n t  a i r c r a f t  engines.  I n  response t o  
t h i s  demand, eng ine  manu fac tu re rs  c o n t i n u a l l y  i nc reased  
t h e  per formance o f  t h e  c u r r e n t  g e n e r a t i o n  of gas t u r -  
b i n e  eng ines .  Soon a f t e r w a r d ,  t h e  a i r l i n e  i n d u s t r y  
began to  exper ience  a n o t a b l e  decrease i n  d u r a b i l i t y  
or u s e f u l  l i f e  o f  c r i t i c a l  p a r t s  i n  the  eng ine  co re  
hot s e c t i o n  -- t h e  combustor and t u r b i n e .  Th is  was 
due p r i m a r i l y  t o  c r a c k i n g  i n  t h e  combustor l i n e r s ,  t u r -  
b i n e  vanes, and t u r b i n e  b lades .  I n  a d d i t i o n ,  s p a l l i n g  
of thermal  b a r r i e r  c o a t i n g s  t h a t  p r o t e c t  some combus- 
t o r  l i n e r s  was e v i d e n t .  

For t h e  a i r l i n e s  reduced d u r a b i l i t y  f o r  i n - s e r v i c e  
engines was measured by  a d ramat i c  i nc rease  i n  mainte-  
nance c o s t s ,  p r i m a r i l y  f o r  h i g h  bypass r a t i o  engines.  
H ighe r  maintenance c o s t s  were e s p e c i a l l y  e v i d e n t  i n  t h e  
h o t  s e c t i o n .  As shown by  Dennis and Cruse (1979). h o t  
s e c t i o n  maintenance c o s t s  account  fo r  a lmost  60 p e r c e n t  
of t h e  engine t o t a l .  Widespread concern about  such 
s o a r i n g  maintenance c o s t s  l e d  t o  a new demand -- t o  
improve h o t  s e c t i o n  d u r a b i l i t y .  

D u r a b i l i t y  can be improved i n  h o t  s e c t i o n  compo- 
nents  by  u s i n g  any comb ina t ion  o f  the  f o l l o w i n g  f o u r  
approaches. They a r e  t h e  use o f  ( 1 )  m a t e r i a l s  hav ing  
h i g h e r  use temperatures,  ( 2 )  more e f f e c t i v e  c o o l i n g  
techniques t o  reduce m a t e r i a l  temperatures,  ( 3 )  advan- 
ced s t r u c t u r a l  des ign  concepts t o  reduce s t resses ,  and 
( 4 )  more accu ra te  a n a l y t i c a l  models and computer codes 
i n  t h e  des ign  a n a l y s i s  process t o  i d e n t i f y  h o t  spots ,  
h i g h  s t resses ,  e t c .  
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High temperature m e t a l l i c  m a t e r i a l s  c u r r e n t l y  
i n c l u d e  n i c k e l -  and cobal t -based s u p e r a l l o y s .  C e r t a i n  
elements o f  these  a l l o y s ,  such as c o b a l t ,  a r e  i n  s h o r t  
supp ly  and a r e  expensive.  
a l l o y i n g  e lements were p resen ted  by Stephans (1982) .  
I n  a d d i t i o n .  advanced h i q h  temperature s u p e r a l l c  

Ways fo r  reduc ing  these 

ponents a l s o  i n c l u d e  d i r e c t i o n a l l y  s o l i d i f i e d ,  s 
c r y s t a l ,  and ox ide -d i spe rs ion -s t reng thened  mater  
Development t ime  fo r  new m a t e r i a l s  i s  l e n g t h y ,  f 
t i o n  i s  sometimes d i f f i c u l t ,  and aga in  c o s t s  a re  
Thus, success fu l  use o f  these m a t e r i a l s  r e q u i r e s  
ance among des ign  requi rements,  f a b r i c a t i o n  poss 
t i e s .  and t o t a l  c o s t s .  

C u r r e n t  c o o l i n g  techniques tend t o  be s o p h i s t i -  
ca ted ;  f a b r i c a t i o n  i s  modera te l y  d i f f i c u l t .  I n  h i g h e r  
performance engines,  c o o l i n g  c a p a b i l i t y  may be improved 
by  i n c r e a s i n g  t h e  amount o f  c o o l a n t .  
a l t y  for  d o i n g  t h i s ,  however, i n  the  r e d u c t i o n  o f  t h e r -  
modynamic c y c l e  performance o f  the  engine system. 
a d d i t i o n ,  t h e  c o o l a n t  temperature o f  such advanced 
engines i s  h i g h e r  than  t h a t  for  c u r r e n t  i n - s e r v i c e  
engines.  Consequently, more e f f e c t i v e  c o o l i n g  tech-  
n iques  a r e  b e i n g  i n v e s t i g a t e d .  They a r e  g e n e r a l l y  
more complex i n  des ign,  demand new f a b r i c a t i o n  meth- 
ods, and may r e q u i r e  a m u l t i t u d e  o f  smal l  f i l m - c o o l i n g  
h o l e s ,  each o f  which i n t r o d u c e s  p o t e n t i a l  l i f e - l i m i t i n g  
h i g h  s t r e s s  c o n c e n t r a t i o n s .  
advanced c o o l i n g  techniques r e q u i r e s  accu ra te  models 
for  des ign  a n a l y s i s .  

cep ts  u s u a l l y  begins w i t h  a p r e l i m i n a r y  concept  t h a t  
t h e n  must be proven,  must be developed, and -- most 
c r i t i c a l l y  -- must be f a r  s u p e r i o r  t o  ent renched stand- 
a r d  des igns.  
and b e n e f i t s  must be s i g n i f i c a n t .  
b i  l i t y  i n  h i g h  per formance combustors, an exce l  l e n t  
example o f  an advanced s t r u c t u r a l  des ign  concept i s  
t h e  segmented l i n e r  as d i scussed  b y  T a n r i k u t  e t  a l .  
(1981) .  The l i f e - l i m i t i n g  problems assoc ia ted  w i t h  
h i g h  hoop s t r e s s e s  were e l i m i n a t e d  b y  d i v i d i n g  t h e  
s tandard  f u l l - h o o p  l i n e r s  i n t o  segments. A t  t h e  same 
t ime,  des igne rs  r e a l i z e d  i nc reased  f l e x i b i l i t y  i n  t h e  
cho ice  o f  advanced c o o l i n g  techniques and m a t e r i a l s ,  
i n c l u d i n g  ceramic composi tes.  

There i s  a pen- 

I n  

Acceptable use of t h e  

The i n t r o d u c t i o n  o f  advanced s t r u c t u r a l  des ign  con- 

Acceptance c e r t a i n l y  i s  t ime consuming, 
For  improved dura-  

com- 
n g l  e 
a l s .  
b r i  ca- 
h i g h .  
a b a l -  
b i  l i- 
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F i n a l l y ,  t he  design a n a l y s i s  o f  h o t  s e c t i o n  compo- 
nent  p a r t s ,  such as combustor l i n e r s  o r  t u r b i n e  vanes 
and b lades ,  i n v o l v e s  the  use o f  a n a l y t i c a l  o r  empir-  
i c a l  models. Such models o f t e n  a re  p u t  i n t o  the  form 
o f  computer codes f o r  p r e d i c t i n g  and a n a l y z i n g  the  
aero thermal  environment,  t he  thermomechanical loads, 
and m a t e r i a l  and s t r u c t u r a l  responses t o  such load ing .  
When t h e  p a r t s  a r e  exposed to  c y c l i c  h i g h  temperature 
o p e r a t i o n  as i n  a t u r b i n e  engine, t he  r e p e t i t i v e  
s t r a i n i n g  o f  t he  m a t e r i a l s  leads  t o  c rack  i n i t i a t i o n  
and p ropaga t ion  u n t i l  f a i l u r e  o r  break-away occu rs .  
The u s e f u l  l i f e  o r  d u r a b i l i t y  o f  a p a r t  i s  u s u a l l y  
d e f i n e d  as the  number o f  m iss ion  cyc les  t h a t  can be 
accumulated b e f o r e  i n i t i a t i o n  and p ropaga t ion  o f  s i g -  
n i f i c a n t  c racks .  Thus, des igners  need t o  p r e d i c t  
u s e f u l  " l i f e "  so they  can des ign  a p a r t  t o  meet 
requ i remen ts .  

fo l low t h e  f l o w  o f  analyses p o r t r a y e d  i n  F i g .  1 .  I n  
p r a c t i c e ,  d e s i g n i n g  of  a p a r t  such as a t u r b i n e  b lade 
t o  meet a s p e c i f i e d  l i f e  goal  may r e q u i r e  a number o f  
i t e r a t i o n s  th rough the  " L i f e  P r e d i c t i o n  System" of 
f i g .  1, v a r y i n g  the b lade geometry, m a t e r i a l ,  or coo l -  
i n g  e f f e c t i v e n e s s  i n  each pass, u n t i l  a s a t i s f a c t o r y  
l i f e  goa l  i s  p r e d i c t e d .  

A n a l y s i s  models and codes have f r e q u e n t l y  p r e d i c t e d  
p h y s i c a l  behav io r  q u a l i t a t i v e l y  b u t  have e x h i b i t e d  
unacceptab le  q u a n t i t a t i v e  accuracy.  To improve p red ic -  
t i v e  c a p a b i l i t y ,  researchers  g e n e r a l l y  need (1 )  t o  
unders tand and model more a c c u r a t e l y  t h e  b a s i c  phys i cs  
o f  t h e  phenomena r e l a t e d  to d u r a b i l i t y ,  ( 2 )  t o  empha- 
s i z e  l o c a l  as w e l l  as g l o b a l  c o n d i t i o n s  and responses, 
( 3 )  t o  accommodate n o n l i n e a r  and i n e l a s t i c  behav io r ,  
and ( 4 )  t o  expand some models f rom two to  t h r e e  
d i mens ions  . 

F o r t u n a t e l y ,  a t  t he  t ime  o f  demands f o r  improved 
h o t  s e c t i o n  d u r a b i l i t y  d ramat i c  inc reases  were occur-  
r i n g  i n  mathemat ica l  s o l u t i o n  techn iques ,  e l e c t r o n i c  
computer memory, and computer computa t iona l  speed. 
The t i m e  was r i p e  for  s i g n i f i c a n t  improvements i n  ana- 
l y t i c a l  p r e d i c t i v e  c a p a b i l i t y .  

OVERVIEW OF THE HOST PROJECT 

Efforts t o  p r e d i c t  t h e  l i f e  o f  a p a r t  g e n e r a l l y  

To meet t h e  needs for  improved a n a l y t i c a l  des ign  
and l i f e  p r e d i c t i o n  t o o l s ,  e s p e c i a l l y  those used for  
a n a l y s i s  o f  c y c l i c  h i g h  tempera ture  o p e r a t i o n  i n  
advanced combustors and t u r b i n e s ,  t h e  NASA Lewis 
Research Center  sponsored the  Turb ine  Engine Hot Sec- 
t i on  Technology (HOST) P r o j e c t .  The p r o j e c t  was i n i t i -  
a t e d  i n  October 1980 and completed i n  l a t e  1987. 

O b j e c t i v e  
The HOST P r o j e c t  developed improved a n a l y t i c a l  

models f o r  t he  aero thermal  environment,  the  thermo- 
mechanical  loads ,  m a t e r i a l  behav io r ,  s t r u c t u r a l  
response, and l i f e  p r e d i c t i o n ,  a long  w i t h  s o p h i s t i -  
ca ted  computer codes, which can be used i n  des ign  
ana lyses  o f  c r i t i c a l  p a r t s  i n  advanced t u r b i n e  engine 
combustors and t u r b i n e s .  
t o o l s  b e t t e r  ensure -- d u r i n g  t h e  des ign  process -- 
improved d u r a b i l i t y  of  f u t u r e  h o t  s e c t i o n  engine 
components. 

More accu ra te  a n a l y t i c a l  

Approach 
Address inq  the  complex d u r a b i l i t y  p rob lem i n  h i g h  

tempera ture  c y c l  i c a l l y ' o p e r a t e d  t u r b j n e  eng ine  compo- 
nen ts  r e q u i r e s  research  e f f o r t s  i n  numerous t e c h n i c a l  
d i s c i p l i n e s .  
i nvo l ved :  i ns t rumen ta t i on ,  combust ion,  t u r b i n e  heat  
t r a n s f e r ,  s t r u c t u r a l  a n a l y s i s ,  f a t i g u e  and f r a c t u r e ,  
and su r face  p r o t e c t i o n .  

I n  the  HOST P r o j e c t  s i x  d i s c i p l i n e s  were 

Th is  invo lvement  was n o t  o n l y  
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through focused research  b u t  was sometimes i n t e r d i s c i -  
p l i n a r y  and i n t e g r a t e d .  

Most d i s c i p l i n e s  i n  the  HOST P r o j e c t  f o l l o w e d  a 
common approach t o  research .  F i r s t ,  phenomena r e l a t e d  
t o  d u r a b i l i t y  were i n v e s t i g a t e d ,  o f t e n  u s i n g  benchmark 
q u a l i t y  exper iments .  Wi th  known boundary c o n d i t i o n s  
and p roper  i n s t r u m e n t a t i o n ,  these exper iments  r e s u l t e d  
i n  a c h a r a c t e r i z a t i o n  and b e t t e r  unders tand ing  o f  such 
phenomena as t h e  aerothermal environment,  t he  m a t e r i a l  
and s t r u c t u r a l  behav io r  d u r i n g  thermomechanical load- 
i n g ,  and c r a c k  i n i t i a t i o n  and p ropaga t ion .  Second, 
s t a t e - o f - t h e - a r t  a n a l y t i c a l  models were i d e n t i f i e d ,  
eva lua ted ,  and then improved by more i n c l u s i v e  phys i -  
ca l  c o n s i d e r a t i o n s  and lo r  more advanced computer code 
development. When no s t a t e - o f - t h e - a r t  models e x i s t e d ,  
researchers  developed new models. f i n a l l y ,  p r e d i c t i o n s  
u s i n g  t h e  improved a n a l y t i c a l  t o o l s  were v a l i d a t e d  by  
comparison t o  exper imenta l  r e s u l t s ,  e s p e c i a l l y  t he  
benchmark q u a l i t y  da ta .  

Proq r ams 
F u l f i l l m e n t  o f  the  HOST P r o i e c t  o b i e c t i v e  was 

accompl i  shed th rough numerous research"and techno logy  
programs. HOST management i ssued c o n t r a c t s  for  40 sep- 
a r a t e  a c t i v i t i e s  w i t h  p r i v a t e  i n d u s t r y ,  most o f  which 
were m u l t l y e a r  and mul t iphased.  I n  seve ra l  a c t i v i t i e s ,  
more than one c o n t r a c t o r  was i n v o l v e d  because o f  t he  
n a t u r e  o f  t h e  research  and each c o n t r a c t o r ' s  unique 
q u a l i f i c a t i o n s .  T h i r t e e n  more separa te  a c t i v i t i e s  were 
conducted th rough g ran ts  w i t h  u n i v e r s i t i e s .  F i n a l l y ,  
a t  the  NASA Lewis Research Center ,  17 major e f fo r t s  
were suppor ted  by  t h e  p r o j e c t .  Tab le  I l i s t s  a l l  t h e  
t e c h n i c a l  a c t i v i t i e s  conducted i n  t h e  p r o j e c t .  

TECHNOLOGY TRANSFER 

The HOST P r o j e c t  research  a c t i v i t i e s  were u s u a l l y  
o rgan ized,  conducted, and r e p o r t e d  a long  t h e  above 
d i s c i p l i n e  l i n e s .  Th is  r e p o r t  i s  o rgan ized  accord- 
i n g l y  and summarizes research  r e s u l t s  accompl ished i n  
t h e  p r o j e c t .  

research  r e s u l t s  f rom the  HOST P r o j e c t .  S i x  annual 
workshops were conducted w i t h  conference proceed ings  

Numerous p u b l i c a t i o n s  p r o v i d e  f u r t h e r  d e t a i l s  about 

(Tu rb ine  Engine Hot Sec t i on  Technology, 1982 th rough 
1987) be ina  Drov ided f o r  each one. Each o f  the  Dro- 
ceedings g e n e r a l l y  covers research  r e s u l t s  for  t h e  pre-  
ced ing  yea r .  The l a s t  two proceed ings  a l s o  i n c l u d e d  a 
b i b l i o g r a p h y  o f  d e f i n i t i v e  research  r e p o r t s .  Progress 
i n  t h e  development o f  advanced i n s t r u m e n t a t i o n  and i n  
t h e  improvement o f  combustor aero thermal  and t u r b i n e  
heat  t r a n s f e r  models was r e p o r t e d  by Sokolowski  and 
Ensign (1986).  F i n a l l y ,  a comprehensive b i b l i o g r a p h y  
o f  t he  HOST P r o j e c t  i s  be ing  prepared and i s  scheduled 
f o r  p u b l i c a t i o n  l a t e r  t h i s  yea r  (Soko lowsk i ,  1988). 
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